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Introduction
Climate change is expected to affect energy markets in various ways, both directly and indirectly. Indirect effects will operate through environmental policies, aimed at changing the consumption pattern of energy goods and/or sustaining the development and diffusion of cleaner technologies. Direct effects are also important. Energy demand will be affected by temperature changes, because higher temperatures imply less energy for heating and more demand for cooling, in addition to variations in the demand for energy as a production factor. We therefore expect a U-shaped relationship between temperature and energy demand. We also expect changes in the composition * Fondazione ENI Enrico Mattei, Venice, and University of Milan, Italy.°F ondazione ENI Enrico Mattei and School of Advanced Studies in Venice, Italy. § Fondazione ENI Enrico Mattei and Ca' Foscari University, Venice, Italy. E-mail roson@unive.it . 1 of demand, between alternative energy goods. 1 This paper analyzes the direct economic impact of climate change on energy demand. From a macroeconomic perspective, the climate impact will not affect primary resources of the various regional economies, but rather the structure of industrial and households demand for goods and services. In other words, we consider a shock that could increase or decrease the demand for energy goods at constant prices and income.
To model the adjustment process, we use a Computable General Equilibrium model of the world economy, based on the GTAP data base and model. In our setting, the change in temperature leads to a forced reallocation of budget for firms and consumers. We therefore compare a baseline general equilibrium for the world economy, with a counter-factual equilibrium, generated by changes in tastes and technology. An analysis of this counter-factual equilibrium highlights the structural adjustment processes and the distributional effects involved.
This exercise relies on a econometric analysis of the relationship between average temperature levels and long run demand for energy goods, by De Cian, . The methodology and the findings of this study are summarized in section 2. Section 3 explains how estimates of temperature elasticities have been used as input parameters for a simulation exercise with a CGE model of the world economy, and illustrates the main results. Section 4 considers whether, and how, results could change if the existence of market power in energy industries is explicitly taken into account in the model. A final section draws some conclusions.
Estimating the relationship between energy demand and temperature levels
A number of studies (e.g., Pardo et al., 2002) have investigated the influence of temperature on energy demand, but mainly at the regional/seasonal scale. To our knowledge, the recent paper by Andrea Bigano, Francesco Bosello and Giuseppe Marano (2006) is the first attempt at estimating the (long-run) temperature elasticities of energy demand, in terms of average annual temperatures and national consumption. As far as temperature is concerned, the main empirical finding is that household demand is responsive to changes in temperature, generally through an inverse relationship, and with long time lags. On the other hand, the temperature elasticity of energy demand by the industry and service sectors is, in most cases, small and not statistically significant. The relationship between annual average temperature and annual energy demand is the result of two offsetting effects: higher average summer temperatures increase energy consumption for cooling needs, whereas a milder winter reduces the use of fuels for heating purposes. However, such seasonal heterogeneity may not be captured if the temperature variability is averaged out in one annual temperature. Moreover, the effect of a change in temperature on energy demand is likely to depend on other factors such as income and the climate.
De Cian, have extended the previous work so as to capture some of the nonlinearities that characterize the relationship between energy demand and temperature. Instead of using only one measure of temperature, the four seasonal average temperatures have been included. Moreover, to capture the dependence of the energy-temperature relationship on the initial climate conditions, countries have been grouped according to their maximum temperature in 2000 into hot and cold regions. Countries with a maximum temperature below the threshold have been classified as cold 2 , the remaining as hot 3 . Table 1 reports the estimated long run elasticities of energy demand, for different energy vectors, with respect to seasonal temperatures. When geographic heterogeneities are explicitly accounted for, the net effect on annual energy demand depends on the type of fuel considered and on the geographic characteristics, captured by the average annual temperature of the country. The effects of temperature increases on gas and coal are similar between cold and hot countries, whereas electricity demand reacts differently, especially to an increase in summer temperature. Scenarios of climate change predict an increase in average regional temperatures, bringing about a change in the energy consumption that varies over regions and fuels. The net effect on gas and oil products is homogeneously negative, though on average it tends to be of bigger magnitude in cold regions. The net effect on electricity demand instead differs across countries not only in size, but also in direction.
These results are used in this paper to model the feedback effects of climate into the economic system. Such analysis is an important complement to the literature assessing the costs of climate change. Explicit modeling the effects climate change will have on the economic system is an essential steps toward a more accurate assessment of the climate change damage. Climate change affects energy demand which in turns has a feedback effect into the climate though second order effects brought about by general equilibrium adjustment.
An average temperature increase of 0.93 °C in 2050 is expected to decrease gas and oil products household demand in all regions; electricity demand change is ambiguous, depending on the trade off between heating and cooling needs. The net effect is an increase in electricity demand in the warmer regions: Japan (JPN), China and India (CHIND), the rest of the world (ROW), and in the energy exporting countries (EEx). In the cold or mixed countries instead the heating effect prevails, leading to a reduction in electricity demand. The lower demand for gas and oil products would generate a drop in world prices of these energy goods. Electricity prices instead can go in both direction, with different reallocations effects between different energy sources and countries. Also, changes in household energy expenditure would affect other goods and services spending. Income levels and prices of primary resources would be affected as well. Next section illustrates how a computable general equilibrium model can be used to assess these systemic effects.
Simulating the general equilibrium effects of changes in energy demand
Demand for energy goods, like demand for any other good and factor, is a naturally endogenous variable in a general equilibrium model, as it depends on income and relative prices. In order to 6 According to the average temperature of the countries belonging to each region , ROW, CHIND, JPN and EeX classify as hot regions, RoA1 and Eu as mixed regions and EEFSU as cold regions. 7 These temperature percentage variations correspond to an increase of 0.93 °C in the regional average temperature level in 2050. Such increase is the 2050 baseline forecast of the CGE model used in this paper. 8 Data for gas demand in this region were missing.
shift demand at constant prices and income, an exogenous variation in some structural parameters of utility or production functions is needed. This has two important consequences. First, in a general equilibrium, the ex-ante variation of demand differs from the ex-post variation, since the latter takes price adjustments into account. Second, in order to meet the budget constraint for every agent, any exogenous shift in the demand for some item has to be compensated by shifts in the demand for other items.
In order to simulate the effects of a changing demand for energy goods, we have introduced and shocked specific shifting factors in the equation describing the demand for goods and factors in a Computable General Equilibrium (CGE) model of the world economy.
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This model is the popular GTAP model v.6 (Hertel, 1996) in the alternative formulation GTAP-E, originally proposed by Burniaux and Truong (2002) . 10 Structural parameters in the GTAP model are obtained by a standard calibration procedure. This means that parameters are selected such that the model replicates the observed structure of the world economy, as described in a calibration data-set (year 2001). One problem of our application is given by the fact that we are interested in simulating changes occurring in the future, which means that our benchmark should refer to a 2050 scenario, not to a 2001 data-set. To this end, we derived hypothetical data for 2050, using the methodology described in Dixon and Rimmer (2002) . This entails inserting, in the model calibration data, estimated values for some key economic variables: national endowments of labour, capital, land, natural resources, as well as factor and multi-factor productivity.
In this way, we got a reference equilibrium state, that can subsequently be perturbed by exogenous shocks. Therefore, by changing the structure of demand for households and firms, we can run a conventional comparative static exercise, providing information about the systemic, net effect of exogenous changes in "tastes" and "technologies". This information comes in terms of: variations in industrial output, national income, trade flows, foreign debt, welfare and other variables.
Notice that the shock is due to a changing composition of demand, not to variations in endowments of primary resources. This implies that, at the global level, the shock is neither positive nor negative, and the main effects are distributional: differences in relative income, welfare and competitiveness. Table 3 shows percentage variations in some main economic aggregates, generated by the simulation exercise. Tables A1, A2 and A3 in the Appendix show variations in quantities and prices of all goods and factors, including energy commodities. Demanded quantities and industrial output are expected to change in line with the initial shocks: however, the ex post demand and output variation differs from the ex ante one, because of the rebound effect of prices, moving in the opposite direction. For example, although electricity demand in Japan increases, the consequent increase in price leads to substitution toward cheaper imports, causing a fall in domestic output.
The most important driving force behind the results is the change in the terms of trade induced by the change in the world demand for energy goods. GDP increases in those regions where changes in energy goods demand bring about gains in terms of trade. For example, in the energy exporting countries EEx, despite the increase in domestic electricity demand, the terms of trade effect is negative, because of the overall fall in the world prices of energy goods.
Second order effects are also at work, through exogenous shifts in demand for non-energy goods and services, so that the overall impact on GDP and utility depends on the comparative advantage characteristics of each region. In Europe and in the United States, for example, there are gains in the terms of trade, but nonetheless GDP and household utility both decline, mainly because of changes in the trade balance.
Real investment is allocated worldwide, in the model, according to expected future returns on capital. Since future returns are linked to current returns, and energy industries are relatively capital-intensive, capital returns are expected to follow the pattern of energy prices. Table A2 highlights a very close relationship between energy prices and capital returns. The drop in capital returns, and investments, is particularly evident in energy exporting countries, contributing to the overall variation in the GDP.
The model also estimates variations in emissions of carbon dioxide, although this is a purely descriptive variable, with no effect on the economic equilibrium of this specific simulation. Comparing the last column of Table 3 and Table A1 it can be seen how variations in CO 2 emissions are related to the change in energy output: they are positive when energy output increases. 
Introducing market power in energy industries
Although conventional CGE models are based on the Walrasian paradigm, it is not necessary to assume that all markets are perfectly competitive. Furthermore, almost all CGE models are calibrated on real data sets, which certainly reflect existing market imperfections. Baseline market failures are (to some extent) "embedded", "frozen" into the model, so that the neoclassical paradigm is typically used only as a sort of "theoretical engine", moving the economic structure from one state to another.
Yet, the existence of market power in industries producing energy goods should be carefully 6 assessed. In fact, energy industries are perhaps the farthest away from the competitive paradigm: economies of scale, barriers to entry, regulatory regimes, sunk costs, limited number of competitors, etc., are typical characteristics of these industries throughout the world. So the question is not whether energy industries are competitive, but whether the reaction of the model to any exogenous shock becomes (significantly) different when market power is explicitly taken into account.
The answer to this question relies on how imperfect competition is introduced in the CGE model. This issue is discussed at length in . The key point is that there is no single way of implementing imperfect competition in CGE models, and that alternative solutions could lead to quite different results.
The model which is used here assumes oligopolistic competition à la Cournot (only in energy industries) between symmetric firms, blocked entry and constant returns to scale. We chose this specification because the number of competitors in most energy markets can be assumed as given in the short run, and because economies of scale, although possibly relevant at the plant level, may not play a very important role within broad geographical and sectoral aggregates.
We estimated the initial amount of unitary profits, for energy industries, using a variety of sources (Oliveira-Martins et al. (1996) , Maioli (2003) , Barbu et al. (2003) , OXERA (2003)), combining econometric estimations of profit mark-ups, for some counties and industries, with indexes of market concentration and competitiveness. In official national accounts, profits are typically included inside a broad residual element, which also includes payments on capital services. Correspondingly, we split calibration data for capital inputs in two separate components: "capital" and "profit". Table 4 shows the split parameters used to this purpose. In this model, like in any oligopolistic model, profit margins are inversely related to price demand elasticities. Roson (ibid.) shows how industrial and individual demand elasticities can be computed from elasticity of substitution parameters used in the CGE model. When a representative firm sells in a number different regional markets, the demand elasticity can be expressed as a weighted sum of regional elasticities, where the weights are given by market shares. In this simulation exercise, we are simulating exogenous shifts in the households demand for energy goods. Since these shifts are not proportional in all markets, they will directly affect the regional market shares, the aggregate demand elasticities, the unitary profits and ultimately the final market price for energy goods.
In addition, there are important secondary effects at work, related to changes in prices of input factors. The demand shifts induce changes in energy demand. In turn, this generates a reduction/increase of demand for those factors, in which energy industries are relatively intensive, like natural resources and capital. Roson (ibid.) discusses why cost shocks are likely to be amplified in a CGE model with imperfect competition, in comparison with a conventional model formulation, based on perfect competition. This effect is related to the endogenous variation of market shares. However, there is a second mechanism at work here. The model has been recalibrated by assuming unitary profits in the baseline equilibrium, implying reduced cost shares for capital (in comparison with the competitive closure). This means that the induced decrease/increase in the price of capital will be smaller/larger, as well as that any change in the price of this factor will have smaller consequences on energy prices. Tables A1, A2 and A3. Table 6 shows how industrial demand elasticities changes after the variations in households' demand. Higher elasticities imply less market power and lower profit mark-ups. However, changes in market power play a relatively minor role in influencing price changes under imperfect competition, in a comparison with perfect competition. Figure 1 provides a graphical illustration of the price-quantity movements in the two model versions, for an hypothetical backward shift in the demand for some energy good, lowering both prices and produced quantities. This can be observed in both cases. However, prices fall less under imperfect competition, whereas quantities may fall more or less (in the figure, quantity is assumed to be roughly the same). In the figure, three hypothetical points are considered: a baseline combination of price and quantity, and two price-quantity pairs obtained in the two market regimes (IC and PC). The result obtained under imperfect competition can be interpreted as a the outcome produced by a backward shift in demand, smaller than that observed in perfect competition, and an upward shift in the supply curve of energy goods.
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The demand shift is smaller because households' income is relatively higher, as the latter includes profits and capital income (as well as rents on natural resources). The shift in supply is due to relatively higher production "costs": higher cost of capital and possibly higher unitary profits. Table 7 shows variations in the main economic aggregates. A comparison with the results under perfect competition highlights the more negative effect on investments that generally emerged under imperfect competition. Also, the gap between gainers and losers is narrower, which is in line with the "dampening" effect of imperfect competition. Table 8 reports the regional Equivalent Variations (EV) computed for two cases. The EV is a money-metric measure of changes in utility for the representative household. It considers which changes in income, at constant prices, would produce the same effects on utility of the simultaneous changes in income and prices, simulated in the two scenarios. We can see that effects are globally worse in imperfect competition. However, the rest of the world (ROW), China and India (CHIND), the energy exporting countries (EEx) and Japan (JPN) appear to get net benefits. These countries are exactly those where climate change increases electricity demand. The final result is due to a complex combination of factors: changes in the terms of trade, structure of preferences, income sources, and other features. For example, in Japan, the welfare loss under perfect competition becomes a welfare gain under imperfect competition.
Figure 1 -An illustrative diagram of relative price-quantity movements in energy industries
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Conclusion
Climate change will have a direct impact on the demand for energy, since the latter is affected by average temperature levels. In this paper, we presented some results obtained by a world CGE model, simulating exogenous changes in the households' demand structure. Our exercise was based on previous findings of an econometric model, suggesting that higher temperatures may bring about lower consumption of most energy goods, but electricity.
Results have been obtained in the CGE model, by imposing an exogenous change in the households' structure of preferences. These results highlight variations in the terms of trade and variations in prices of energy goods, capital services and natural resources. These findings are robust in terms of market structure specification. We repeated the experiment with an alternative model version, where we assumed that energy industries were Cournot oligopolies, with profits in both the baseline and counter-factual equilibria. Although the model simulates changes in market power for the various regional industries, most of the differences in results between the two model versions can be interpreted as consequences of different cost shares for capital in the model calibration. We found that lower capital shares, under imperfect competition, imply smaller price variations for energy goods, but higher utility losses worldwide. 
Appendix -Additional Simulation Results
